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The study of cancer immunology has provided diagnostic and therapeutic instruments through serum 
autoantibody biomarkers and exogenous monoclonal antibodies. While some endogenous antibodies are 
found within or surrounding transformed tissue, the extent to which this exists has not been entirely 
characterized. We find that in transgenic and xenograft mouse models of cancer, endogenous gamma 
immunoglobulin (IgG) is present at higher concentration in malignantly transformed organs compared to 
non-transformed organs in the same mouse or organs of cognate wild-type mice. The enrichment of 
endogenous antibodies within the malignant tissue provides a potential means of identifying and tracking 
malignant cells in vivo as they mutate and diversify. Exploiting these antibodies for diagnostic and 
therapeutic purposes is possible through the use of agents that bind endogenous antibodies. 

There are a multitude of different types of cancer, and within a specific tumor type there is considerable 
patient-to-patient and intra-patient variability, reflecting the fact that cancer is a dynamic and heterogen- 
eous collection of diseases 1,2 . Each individual tumor has a distinct set of mutations resulting in different 
molecular profiles 3,4 . Tumors continue to evolve, particularly when selective pressures are applied, such as 
chemotherapy and radiation. As a result, any recurrence or metastasis may have a very different genetic profile 
from the primary tumor. This variability has been implicated in diagnostic complexity and resistance to 
therapy 5,6 . 

While it is accepted that that the immune system can recognize tumors, there are conflicting data as to whether 
the immune system can suppress tumors. By one hypothesis, tumors can elicit an immune response within the 
host, but it is not sufficient to prevent tumor progression 7 . The immunoediting hypothesis posits that somatic 
cells are constantly acquiring mutations that lead to malignant transformation, and the immune system is able to 
eliminate these developing tumors. Cancer is a consequence of the immune system being insufficient to prevent 
tumor progression. This is consistent with the observation that immunosuppressed transplant recipients have 
higher rates of viral and non-viral associated tumors than the general population 811 . Cancer becomes a clinical 
problem when the malignant cells acquire the necessary mutations to evade cellular regulatory mechanisms, 
escape elimination by the immune system, and invade the surrounding tissues 12 . The tumors are imprinted by the 
immunologic environment in which they develop, and selective pressure yields tumors that are better able to 
evade the immune system. Regardless of how the immune system fails to completely suppress tumors, both 
hypotheses recognize that there is immunological recognition of the transformed cells. 

In clinical oncology, the host immune response is used in various ways for both diagnosis and treatment. 
Humoral-based immunotherapy primarily uses exogenous monoclonal antibodies 13 . There are monoclonal 
antibodies undergoing extensive investigation that target numerous cell-surface proteins, antigens in tumor 
stroma, antigens on tumor-associated vessels and ligands that maintain tumor growth. Many therapeutic anti- 
bodies, including trastuzumab, bevacizumab, and cetuximab, improve outcomes in various tumor types and are 
clinically approved for therapy 13 . 

Endogenous antibodies generated in response to aberrant proteins associated with tumors may be found in 
patient serum. A number of tumor-associated autoantibodies have been identified circulating in the serum in the 
hopes of utilizing them as biomarkers, prognostic factors, or indicators of tumor recurrence 13 . For example, 
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autoantibodies to NY-ESO-1 have been identified in the serum of 
patients with esophageal, lung, liver, breast, thyroid, prostate, and 
colorectal cancers 14-19 . In patients with hepatocellular carcinoma 
(HCC), probing for a single autoantibody in the serum gives a pos- 
itive result in 10-20% of patients; the detection increases to 66% with 
a panel of ten autoantibodies 20 . While the sensitivity of tumor detec- 
tion can be increased by using a panel of antibodies over a single 
antibody 21 , the results are still insufficient for diagnosis in many 
tumor types. If a panel of ten antibodies is more sensitive than a 
single antibody, the entire repertoire of a patient's antibodies might 
be even more effective at detecting tumors. Endogenous antibodies 
have also been observed within, and adjacent to, neoplastic tissue. 
IgG has been demonstrated within soft tissue sarcomas and papillary 
thyroid cancer 22,23 . In soft tissue tumors its presence was associated 
with proliferation markers and increasing tumor grades 22 . 

This project is designed to test if the spectrum of an individual's 
antibodies found within tissue can be used to differentiate neoplastic 
from normal tissue, which opens the potential for use in cancer 
detection and localization. In one xenograft and three transgenic 
mouse models of cancer, we find that endogenous antibodies reliably 
bind neoplastic tissue and distinguish it from wild-type tissue. The 
endogenous antibodies within the tumor recognize a diversity of 
transformed cells. This humoral immune response co-evolves with 
the malignant cells and may represent a target for diagnosis and 
therapy. 

Methods 

Mouse models. The Alb/c-myc mouse models 24 were a generous gift from Herman 
Stellar and both prostate models (PB-Myc 25 in FBV background and conditional 
PTEN knockout (Pb-Cre X Pten f/f } in C57/B6 background 26 ) were a generous gift 
from Charles Sawyers. Mb/c-myc and prostate sample controls were C57BL/6J mice 
purchased from The Jackson Laboratory. All FVB/N-Tg(MMTVneu)202Mul/J mice, 
and the corresponding control FVB/NJ mice were purchased from The Jackson 
Laboratory. In the xenograft model we injected six-week-old BALB/c mice (Jackson 
Labs) and CBySmn.CB17-Pr/;dc""7j mice (Jackson Labs) with a 4T1 cell line. Five 
thousand cells were injected into a single mammary fat pad of each mouse, and mice 
were euthanized 21 days after injection. All methods were done in accordance with 
and approved by The Institutional Animal Care and Use Committee at The 
Rockefeller University. 

Preparation of tissue. All tissue was dissected and placed in 4% paraformaldehyde 
for fixed tissue samples. A test sample and an age-matched corresponding wild type 
(WT) sample were placed on the same slide for all experiments. 

Immunofluorescence. The immunofluorescence detection of endogenous tissue 
antibody was performed at the Molecular Cytology Core Facility of Memorial Sloan - 
Kettering Cancer Center using a Discovery XT processor (Ventana Medical Systems, 
Tucson AZ). Avidin Biotin block was applied for 12 minutes followed by incubation 
with biotinylated secondary antimouse IgG (Vector Labs, MOM Kit BMK-2202) in 
1 : 200 dilution (6.5 ug/mL). Detection was performed with Blocker D and 
Streptavidin-HRP D (Ventana Medical Systems), followed by incubation with 
Tyramide-Alexa Fluor 488 (Invitrogen, cat #T20992). Negative controls were 
prepared using biotinylated secondary anti-rabbit IgG (Vector Labs). IgM and IgA 
studies were processed as above (Invitrogen cat #M31515, M31115). Slides for 
macrophage (CD-45) and myeloid (Iba-1) markers were blocked for 30 minutes with 
10% normal rabbit serum,2% BSA and 10% normal goat serum, 2% BSA, respectively. 
Primary antibodies rat anti-mouse CD45 (BD Pharmingen, cat #550539, at 0.2 ug/ 
ml) or rabbit anti-Iba-1 (Wako, cat #019-19741, at 0.5 ug/ml) were incubated for 
3 hours, followed by incubation with either biotinylated rabbit anti-rat IgG (Vector, 
cat # BA-4000) or biotinylated goat anti-rabbit IgG (Vector labs, cat* : PK6101) in 
1 : 200 dilution. Detection was performed as described above. All slides were 
counterstained with DAPI. No blockers for Fc receptor was used in any of the slides. 

Image analysis. All slides were digitally scanned at the Molecular Cytology Core 
Facility of Memorial Sloan-Kettering Cancer Center using the Zeiss Mirax Scanner 
with 20X/0.8NA objective. Exposure time depended on mouse model and antibody 
tested. 

Pathology analysis. Adjacent sections were given to a veterinary histopathologist in 
the Center of Comparative Medicine and Pathology at the Laboratory of Comparative 
Pathology who was blinded to all sources of tissue and all immunofluorescence 
results. These adjacent section slides were stained with hematoxylin and eosin (H&E) 
and all tissues were analyzed and graded. All histologically abnormal areas were 
marked and described by the degree of abnormality. In the liver histology sections, the 
following grading system, determined by the pathologist, was applied: 0 = normal 



tissue, 1 = areas found to have other cellular changes such as karyomegaly, 
cytomegaly, cystoplasmic vacuolization, 2 — a focus of defined cellular alteration, 3 
an adenoma causing compression of adjacent parenchyma, and 4 — carcinoma. 

Electron microscopy. Liver tissues from the Mb/c-myc model and C57B1/6 model of 
mice were fixed in 4.0% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.4) overnight. Sections were processed for immunoelectron 
microscopy to recognize existing antibody as described previously 27 . Summation of 
tissue processing included quenching endogenous peroxidase with 0.5% hydrogen 
peroxide, blocking nonspecific antibody binding with 3% bovine serum albumin, 
applying biotinylated anti-mouse IgG, visualizing the immunocomplex with 
Vectastain ABC Kit (Vector Laboratories, Burlingame, CA) and peroxidase base 
reaction in the presence of 0.5% 3,3' diaminobenzidine, and application of silver 
enhancement procedure to DAB immunoreactive products. Subsequently, sections 
were re-fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, 
dehydrated by a graded series of ethanol, postfixed with 1% osmium tetra-oxide and 
embedded in EMBed812. Ultra- thin sections were cut and examined in the electron 
microscope (100CX JEOL, Tokyo, Japan) with the digital imaging system (XR41-C, 
Advantage Microscopy Technology Corp, Danver, MA). All EM was done in the 
Electron Microscopy Resource Center at The Rockefeller University. 

Statistical analysis. Statistical analysis was performed using GraphPad Prism 6 and 
Microsoft Excel. All intensity histogram values were normalized by tissue area. 
Analysis was performed on the top 60% of intensities. Groups were compared using 
the Mann-Whitney U test. All p values less than 0.05 were considered statistically 
significant. Means and ratios are presented with standard error of the mean. 

Results 

Mb/c-myc model. Overexpression of the c-myc oncogene is 
frequently seen in HCC 28 . We used a mouse model of HCC which 
overexpresses c-Myc under the control of an albumin promoter 2 '. 
We probed with fluorescently tagged horse anti-mouse IgG for the 
presence of endogenous antibodies in formalin fixed, paraffin 
embedded liver tissue from this tumor model and from C57B16 
wild-type (WT) mice. Similar results to experiments described 
below were observed with a goat anti-mouse IgG. 

The anti-mouse IgG fluorescent signal, normalized for area of 
tumor, was approximately 28-fold higher in all transgenic liver tissue 
from Mb/c-myc mice relative to tissue from WT mice (0.04 ±6.1 X 
10~ 3 vs. 1.4 X 10~ 3 ± 5.1 X 10~ 4 ) (Fig. la,b). The increased amount 
of mouse IgG in the Alb/c-myc tissue over the WT tissue was stat- 
istically significant (p = 0.0002; n = 8). However, the fluorescence of 
the anti-mouse IgG was heterogeneously distributed throughout the 
Alb/c-myc liver. Some areas demonstrated high levels of fluor- 
escence, and therefore antibody content, while others were as dim 
as the liver from WT mice (Fig. la,c). Variation was noted both at the 
tissue and cellular level. The fluorescence was associated with sinus- 
oidal endothelial cells and hepatocytes. Observations using confocal 
microscopy confirmed that the IgG was internalized in the hepato- 
cytes as the IgG fluorescence was granular throughout the cell, but 
excluded from the nuclei (Fig. lc). The binding of anti-mouse IgG to 
sinusoidal endothelial cells was confirmed with immuno-electron 
microscopy (Fig. Id). 

To test if the increased fluorescence of the anti-mouse IgG was the 
consequence of non-specific binding, samples were probed with a 
goat derived anti-rabbit IgG (supplemental figure la) or without an 
anti-IgG, (supplemental figure lb). No signal was observed in Alb/c- 
myc liver tissue with the anti-rabbit IgG or in the absence of anti-IgG. 
There was no appreciable difference between Alb/c-myc and WT 
tissue when probed with anti-mouse Immunoglobulin M (IgM) or 
anti-mouse Immunoglobulin A (IgA) (Supplementary Fig. 2a,b). 
These results indicate that the increased fluorescence using anti- 
mouse IgG was due to the specific recognition of mouse IgG within 
the tumor tissue. 

To determine whether any of the anti-IgG fluorescence was assoc- 
iated with infiltrating immune cells, we stained for Iba-1 (macro- 
phage marker), CD45 (marker of myeloid lineage) and CD45R (B cell 
maker) (Supplemental Fig. 3). As expected, these antibodies had 
distinct signals in splenic tissue. However, in Alb/ c-myc liver sections 
processed in parallel on the same slide, we did not observe any IgG 
signal associated with B cells. These probes did not localize with the 
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Figure 1 | In the alb-myc transgenic model of hepatocellular carcinoma, endogenous antibodies are identified at significantly higher levels than in 
matched wild-type controls. (A). Liver tissue stained with anti-mouse IgG labeled with AlexaFluor 488 viewed at low magnification demonstrates more 
antibody in tumor tissue than in normal wild type (WT) liver (scale bars = 1 mm). (B). Integrated intensity along the top 60% of intensity values 
demonstrates 28-fold greater fluorescence in tumor tissue than WT (p = 0.0002). (C). Confocal slices through carcinoma tissue reveal two distinct 
staining patterns: staining of sinusoidal endothelial cells (yellow arrows); and staining of hepatocytes (red arrows) with the staining in the cytosol, but 
excluded from the nucleus, consistent with endocytosis of the antibody (scale bars = 50 microns) .(D). Binding to sinusoidal endothelial cells, arrows, was 
confirmed with immuno- electron microscopy (scale bar = 2 um). 



overwhelming majority of anti-IgG fluorescence. These findings 
confirm that the increased signal from anti-mouse IgG was due to 
antibodies in the tumor, not to the presence of immune cells in the 
tissue. 

Adjacent sections of liver samples were stained with H&E and 
analyzed by a histopathologist (data not shown). All Alb/c- myc 



tissue was graded as follows: 0 (normal), 1 (areas with cellular altera- 
tions), 2 (foci of alteration), 3 (adenoma causing compression) or 4 
(carcinoma). All WT liver sections were confirmed to be histologi- 
cally normal. Two Alb/c- myc mice had liver sections with grade 4 
lesions, seven had grade 3 lesions, six had grade 2 lesions, and three 
had grade 1 lesions. The intensity of anti-mouse IgG fluorescence 
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was significantly greater in all tumor grades relative to WT (grade 4: 
64-fold greater (p = 0.04), grade 3: 57-fold greater (p = 0.0003), 
grade 2: 64-fold greater (p = 0.0007), grade 1: 58-fold greater (p = 
0.01), grade 0: 53-fold greater (p = 0.0002)). When all abnormal 
grades were analyzed together (grades 1-4), the fluorescent intensity 
was 62-fold greater than WT (p < 0.001) (Fig. 3a). 

MMTV-neu model. Human mammary tumors contain amplifica- 
tion of HER-2/neu in 25-30% of patients 24 . We probed for the 
presence of endogenous antibodies in mouse mammary tissue 
from mice expressing the un-activated neu oncogene, driven by the 
mouse mammary tumor virus (MMTV) promoter 30 , and from FVB 
WT mice. Mammary tissue was formalin fixed, paraffin embedded 
and probed with fluorescently labeled horse anti-mouse IgG; 
adjacent sections were stained with H&E (n = 8). All tissue from 
the MMTV-neu mice had histological evidence of mammary carci- 
noma, and all WT mice were histologically normal, determined by a 
veterinary pathologist. 

In MMTV-neu mammary tissue, the anti-mouse IgG had 26-fold 
greater fluorescent intensity than histopathologically normal WT 
mammary tissue (p = 0.001, Fig. 2a,c). The use of a goat anti-rabbit 
IgG produced no detectable signal in either MMTV-neu and WT 
tissue, establishing that the fluorescent signal is due to specific recog- 
nition of mouse IgG (supplemental figure la). There was no fluor- 
escence detected in either tumor or WT tissue processed without 
antibody, eliminating autofluorescence as a source of the difference. 
Probing with anti-IgM and anti-IgA yielded no detectable difference 
between the MMTV-neu tissue and the WT tissue, consistent with 
the observations from the Alb/c- myc mice. This established mouse 
IgG as the predominant class of antibodies enriched within the 
tumor. In the abnormal mammary tissue, the mouse IgG was present 
on abnormal ductal and alveolar cells, the surrounding adipocytes, 
collagen, and skeletal muscle, as well as within glandular secretions 
(Fig. 2b). The detection of the anti-mouse IgG within the tumor was 
variable, with somewhat less signal observed in the center relative to 
the periphery of larger tumors (Fig. 2a). 

Mouse models for prostate cancer. Myc is overexpressed in 30% of 
human prostate cancers and expression in mice leads to prostatic 
intraepithelial neoplasia (PIN), followed by invasive adenocarcino- 
ma. We tested for the presence of endogenous antibodies in the tissue 
of two different mouse models of prostate cancer. The first model 
expressed human Myc under the prostate-specific PB promoter 31 . 

PTEN is deleted in 70-80% of human prostate cancers 25,32 and 
prostate specific deletion also results in murine prostate cancer 33 . 
The second prostate tumor model was a knock-out of the PTEN 
tumor suppressor that does not progress to cancer but in a restricted 
number of cases does progress to a pre-neoplastic state. 

PB-Myc mice had histologically evident prostate carcinoma (six of 
six mice) while all samples from wild-type mice were histologically 
normal. When probed with a fluorescently tagged horse derived anti- 
mouse IgG, PB-Myc prostate tissue had 10.4-fold greater fluorescent 
intensity than respective WT tissue (p = 0.002) (Fig. 4a,c). Again, 
there was no detected fluorescence when tissue was processed with 
goat-derived anti-rabbit IgG, eliminating the possibility of non-spe- 
cific binding to the tumor. There was no difference between the two 
tissues when processed without any antibody, eliminating the con- 
tribution autofluorescence. Also, when probed with anti-mouse IgM 
or anti-mouse IgA, there was no difference between tumor and WT 
tissue, establishing the predominance of IgG as the class of mouse 
antibodies bound to the abnormal tissue. 

In PTEN mice, all prostate samples (six of six mice) had histolo- 
gically evident prostatic intraepithelial carcinoma and all WT sam- 
ples were histologically normal. Unlike the previous models, there 
was considerable heterogeneity in anti-mouse IgG binding through- 
out the prostate and within PIN lesions (Fig. 4b) with fluorescence 
throughout the tumor microenvironment, including the stroma and 



fibrovascular structures surrounding abnormal regions, as well as 
prostatic secretions. 

The fluorescence of three of the six PTEN prostate tissues was 11- 
fold, 4-fold, and 8- fold greater than the WT prostate tissue. 
However, in the other three mice, the fluorescence of the WT was 
3-fold, 16-fold, and 1.4-fold greater than the PTEN prostate tissue. 
This illustrates the heterogeneity of the IgG binding in this particular 
model system, consistent with the reported heterogeneity of the 
penetrance of the PTEN+ 1 — phenotype. As a result of the variability, 
the fluorescence intensity of the tumor samples (7.18 X 10~ 3 ± 2.67 
X 10~ 3 ) was only two fold-greater than the respective WT tissue 
(3.42 X 10~ 3 ± 1.06 X 10~ 3 , p = 0.57). The variability of the fluor- 
escence within the PTEN model may explain the lack of statistical 
significance. There was no signal detected when tissue was processed 
with anti-rabbit IgG, or any difference in signal without any anti- 
body, with anti-mouse IgM or anti-mouse IgA. 

Probing of organs in MMTV-neu model. In the MMTV-neu model, 
we tested if there was an increased level of endogenous IgG in tissues 
other than the mammary tissue as compared to WT. While the 
MMTV promoter is predominantly expressed in mammary tissue, 
it has also been reported to be partially expressed in lung, salivary 
gland, and spleen, but at a 500-fold lower level 26 . 

All organs, other than MMTV-neu mammary tissue, were found 
to be histologically normal. The fluorescence signal from anti-IgG 
antibodies showed no statistical difference between MMTV-neu and 
wild-type in endogenous antibody in the liver (p = 0.33), colon (p = 
0.66), spleen (p > 0.99), stomach (p > 0.99), lung (p = 0.33), brain (p 
= 0.33), heart (p = 0.33) and kidney (p = 0.33) compared to WT. 
Comparing the ratio of the intensity of MMTV-neu tissue to WT 
tissue, the mammary tissue had the greatest intensity of antibody 
binding compared to all other organs (Fig. 3b). The next brightest 
tissue was the lung, which is known to have MMTV expression, and 
the MMTV-neu model is known to metastasize to the lung, although 
metastatic foci were not identified on histologic review. 

Xenograft model. To determine the immune response to malignant 
cells in the background of a WT host without a transgene, we also 
tested a xenograft mouse model of breast cancer. The 4T1 cell line 
was injected into a single mammary fat pad in four C57B16 mice, and 
mice were dissected on day 21 post-injection. The intensity of 
fluorescence in the tumor tissue was 10-fold greater than in the 
WT mammary tissue (p = 0.03, Fig. 5a,b). When this cell line was 
injected into SCID immunocompromised mice (CBySmn.CB17- 
Prkdc sc " 1 /]) unable to produce mature B cells, there was no anti- 
mouse IgG identified (Supplementary Fig. 4). Comparable to all 
other models, there was no signal in anti-rabbit IgG binding 
between the tumor and WT mammary tissue, and no difference 
detected without antibody, IgM, and IgA. 

In all but one mouse, the remaining organs, including the contra- 
lateral mammary tissue, were histopathologically normal and bind- 
ing of an anti-mouse IgG antibody was at low levels. In the remaining 
mouse, the liver, spleen, and lung had diffuse regions of increased 
antibody binding compared to organs from a WT mouse (Fig. 6). 
Upon histologic review of these three organs, an atypical myeloid 
hyperplasia/myeloid leukemia was identified (data not shown). The 
liver also contained an area of necrosis secondary to tumor infiltra- 
tion. The other organs tested in this mouse (contralateral mammary 
tissue, skin, kidney, stomach, and colon) did not have any areas of 
increased endogenous antibody and were noted to be normal in 
histology. 

Discussion 

These results demonstrate that endogenous antibodies localize to 
neoplastic tissue in transgenic and xenograft mouse models of 
cancer. These antibodies are seen throughout the neoplastic tissue, 
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A. Mouse IgG Mouse IgG (green) + DAPI (blue) 




B. Mouse IgG Mouse IgG (green) + DAPI (blue) C. 




Figure 2 | MMTV-neu is a transgenic model of murine mammary cancer. ( A) . Staining for endogenous antibody within the neoplastic tissue 
demonstrated increased overall fluorescence compared to wild type mammary tissue (scale bar = 1 mm). (B). On confocal microscopy, the fluorescent 
signal corresponded to intraluminal glandular regions as well as the stroma (scale bar = 50 um). (C). Fluorescence labeling of mouse IgG in neoplastic 
mammary tissue is statistically higher than in wild type mammary tissue (p = 0.001). 
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Figure 3 | (A). Livers from Alb/c-myc mice were graded according to degree of dysplasia. Bar graph represents integrated fluorescent intensity for WT 
tissue and graded transgenic tissue. All grades were significantly brighter than WT tissue, (grade 4: p = 0.04, grade 3: p = 0.0003, grade 2: p = 0.0007, 
grade 1: p = 0.01, grade 0: p = 0.0002). (B). Organs from transgenic MMTV-neu mice were stained with anti-mouse antibody to determine the 
specificity of the endogenous antibodies to the tumor-bearing organ. Results are shown as ratios of the fluorescence from transgenic organ to wild type 
organ for colon, kidney, lung, brain, heart, breast, liver, spleen, and stomach. 



involving numerous different types of cells, but they are not iden- 
tified in corresponding tissue of WT controls. Since the cells of a 
tumor are heterogeneous in genotype and phenotype, we believe that 
the endogenous IgG represents a diverse collection of antibodies 
bound to a variety of epitopes. 

In our analysis, we compared the fluorescent intensity throughout 
the organ, rather than only within the highly fluorescent regions. The 
heterogeneity of the immune response throughout the tumor tissue 
increased the variance of the cumulative fluorescence signal. This 
resulted in underestimation of the effect size, yet the results remained 
statistically significant. 

Endogenous antibodies produced against an individual's own 
malignant cells provide the potential advantages of increased sens- 
itivity and robustness for detecting and targeting pre-neoplastic and 
neoplastic lesions. This is the consequence of a myriad of unique 
features of antibodies. First, they have diverse epitope specificity and 
recognize a broad variety of antigens. Second, they undergo affinity 
maturation, improving the specificity and strength with which they 
bind. Furthermore, the antibody repertoire is continuously adapting 
to mutations that occur in the tumor over time. These features offer 
the potential to recognize the diversity of transformed cells within a 
tumor, as well as the ability to continue to detect these cells as they 
evolve. 

The next critical step is to explore these observations in human 
tumors. If endogenous antibodies can detect neoplastic lesions, using 
a probe specific for the constant region of IgG would provide means 
for the continuous detection of existing neoplastic lesions, the iden- 
tification of remote abnormal foci, and the assessment of resection 
margins for transformed cells. Additionally, this technology has the 
potential sensitivity to detect neoplasia at the level of the single 
immunoreactive cell as well as the expression of isolated aberrant 
immunogenic proteins. With endogenous antibodies continually 
tracking tumors, a probe developed to bind IgG minimizes mechan- 
isms for tumor escape. If one epitope is altered or down regulated, the 
immune system will continue to recognize other antigens present on 
the neoplastic cells. 

Our results suggest that early transitioning cells can be distin- 
guished from surrounding tissue. First, grades 1-4 in the Alb/c-myc 
model all have significantly more antibody than the corresponding 



WT tissue. Grade 1 lesions display changes at the nuclear and cellular 
level, and endogenous antibodies recognize these cells undergoing 
early changes. Second, portions of grade 0 transgenic tissue have 
antibody present, possibly localizing to very early lesions, not distin- 
guishable on H&E staining. Lastly, the antibodies recognized a subset 
of lesions in the PTEN model, which does not form frankly cancerous 
lesions but produces precancerous PIN. Thus, the antibodies may be 
recognizing epitopes present on the surface of these cells that reflect 
early biochemical changes within the cells. This may be helpful in 
detection of pre-neoplastic regions. 

Endogenous antibodies have been observed within human 
tumors, including papillary thyroid cancer, melanoma and some soft 
tissue sarcomas 22,23 . Our findings confirm these data in various 
mouse models of cancer. This demonstrates the robustness of this 
finding, raising the potential of using IgG as a biomarker for distin- 
guishing altered from normal tissue. Some studies have investigated 
the apparent local expression of IgG by tumor cells in breast cancer 
and various soft tissue tumors, including rhabdomyosarcoma and 
leiomyosarcoma 22 . However, we did not see an increase in IgG signal 
in tumors from SCID mice, whose B and T cells are functionally 
deficient. This suggests that the robustness of the detected signal in 
the immunocompetent models was derived from a systemic, host 
response, not local production. 

The tumor has been described as an ecosystem: neoplastic cells 
with a milieu that interacts and aids in their growth 34 . In all of our 
models tested, endogenous antibodies were identified within the 
tumor microenvironment. The microenvironment is known to be 
made up of cells including fibroblasts, dendritic cells, leukocytes, and 
endothelial cells, that are activated or recruited by the nearby tumor 
cells to aid in the sustainment and growth of the tumor itself 5 . The 
communication between this reactive microenvironment and the 
cancer cells affects the phenotype of the tumor and disrupting this 
hospitable microenvironment has a detrimental effect on tumors 36 ' 37 . 
Our results show that endogenous antibodies are also present in the 
microenvironment. In the Alb/c- myc model, antibodies appear to 
bind to the hepatocytes, but also to the sinusoidal endothelial cells. 
Alterations in these endothelial cells have been reported in early 
stages of liver tumorigenesis 38 , and they are involved with tumor 
survival, proliferation, and invasiveness 39 In the MMTV-neu model, 



SCIENTIFIC REPORTS | 4:5088 | DOI: 1 0. 1 038/srep05088 



6 



A. 



B. 



Pb-myc 



PTEN 



Stroma 



Glands 



Wild Type 




o 

>>l 

E 

n 
a. 



: ST: A . 0 



M r 




C 0.06 



*■* 

(B 0.04 

t- 

TO 

tt> 

C 0.02 




0) 0.010 



V 
+^ 
TO 

0) 0.005 
0) 

c 



Pb-myc 



PTEN 





Figure 4 | ( A) . In two transgenic models of prostate cancer, more endogenous antibody was identified in tumor bearing tissue than wild type when viewed 
at low magnification. (B). High magnification confocal images demonstrate antibody localization. In the transgenic Pb-myc model, antibody localized to 
stroma and intraglandular regions within the neoplastic tissue. In mice with prostate-specific knockout of PTEN, antibody was localized to prostate 
stroma as well as glandular epithelial cells. (C). The difference in fluorescent intensity between malignant prostates and wild type prostates was statistically 
significant in the carcinoma-bearing Pb-myc (p = 0.002) model but not in the preneoplastic PTEN model. 



antibody is bound to the mammary tissue adipocytes, endothelial 
cells and connective tissue. Stroma adjacent to breast tumor under- 
goes both phenotypic and epigenetic transformations during tumor- 
igenesis 40 " 42 . Furthermore, breast cancer-associated fibroblasts have 
been shown to promote tumor growth 43,44 . Similar results were 
observed in the transgenic prostate models, with antibody bound 
throughout the microenvironment, which has been demonstrated 
to support the growth of the adjacent prostate tumor 45,46 . 



Antibody fluorescence was slightly less intense within central 
regions of a tumor mass. This could be the result of endogenous 
antibodies having decreased accessibility to the central regions of 
the tumor or decreased binding. Alterations in the size and leakiness 
of a tumor's blood vessels could lead to ineffective blood flow and 
increased interstitial pressure within the tumor. Additionally, 
lymphatic vessels within tumors are altered and may contribute to 
intratumoral hypertension. These factors could impede the ingress of 
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Figure 5 | In a 4T1 xenograft model of murine mammary cancer, tumors were implanted into the mammary fat pad of Balb/c mice. (A). The tumor 
bearing tissue contained more antibody localizing to both the malignant cells as well as the adjacent mammary tissue when compared to the 
contralateral non-injected mammary tissue (scale bar = 1 mm) . (B). The difference in fluorescence when the tissue was stained was statistically significant 
(p = 0.03). 



antibodies to the central regions of the tumor 47 . Furthermore, high 
affinity binding sites for the endogenous antibodies on the periphery 
of the tumor may restrict infiltration and binding to the central 
region of a tumor 48,49 . 



Our results indicate that the presence of endogenous antibody in a 
tumor is the result of a tumor-specific immune response. First, anti- 
mouse IgG was the predominant immunoglobulin present in all 
models tested. This demonstrates both that the signal is specifically 



Liver 



Spleen 



Lung 




Figure 6 | Sections from a Balb/c mouse with spontaneous AMH/leukemia in the liver, spleen, and lung. Tissue sections were stained with anti-mouse 
IgG conjugated to Alexa Fluor 488 and DAPI. Increased fluorescence is noted in tumor-bearing organs compared to corresponding wild type Balb/c 
mouse. The liver containing spontaneous leukemia (top left) contained a region of tumor necrosis (arrow). Scale bar = 500 um. 
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from the endogenous antibodies, not from nonspecific binding of the 
probe, and that the signal is from mouse IgG. Second, the increased 
presence of endogenous IgG was seen both in a xenograft model and 
in transgenic models, which systemically express a promoter/trans- 
gene. Third, the IgG was enriched in the tumor bearing organs. For 
example, when comparing antibody binding across organs within the 
MMTV-neu mice, the mammary gland has the highest relative 
intensity compared to the corresponding WT tissue. In the xenograft 
model, the antibody response was specific to where the tumor was 
grafted. 

Significantly, in the xenografted mouse with spontaneous acute 
myeloid hyperplasia/leukemia, increased levels of antibody were 
detected in the liver, spleen, and lung, localizing to the same regions 
identified as pathologic on H&E analysis. Thus, the results from the 
genetically engineered and xenograft solid tumor models are consist- 
ent with the observations from a spontaneous cancer. A spontaneous 
murine tumor is potentially a better model for the underlying biology 
of the human immune response to malignancy. Although limited to a 
single observation, this finding of antibody binding in a spontaneous 
tumor further suggests that the signal demonstrated in other experi- 
ments is not simply the effect of a transgene or xenograft. 

Although neoplastic tissues and the microenvironment contain 
IgG, the precise host response remains to be defined. Further study 
will elucidate which epitopes are being bound, why there is a hetero- 
geneous binding pattern, whether there is a physiologic significance 
to this binding, and why binding of IgG fails to result in elimination 
of the tumor cells. Future work will address the mechanisms, targets, 
and significance of these tissue-bound antibodies. 

Focusing on endogenous tissue antibodies, independent of the 
target antigens, allowed us to distinguish neoplastic lesions from 
normal tissue in three transgenic and one xenograft model of cancer. 
Further investigation into a similar response in human cancers may 
allow the use of endogenous tissue antibodies to improve upon the 
ability of current imaging modalities to detect both pre-neoplastic 
and neoplastic tissue. This will lead to improved staging of disease, 
identification of occult metastasis, and earlier diagnosis of tumor 
recurrence. Furthermore, the ability to target the endogenous anti- 
bodies enriched in the tumor environment offers a potential thera- 
peutic modality for eradicating pre-neoplastic and neoplastic tissue. 
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